Two-photon excitation (2PE) provides a means of generating reactive oxygen species (ROS) in cells and tissues with a high degree of spatial specificity. In cultured monolayers of human fibroblasts and fibroblast-derived cells treated with the commonly used probe of ROS formation, 5-(and 6)-chloromethyl-29,79-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA), cells irradiated through a microscope objective with 150 fs near-infrared laser pulses became highly fluorescent, reflecting intracellular ROS formation. The fluorescence intensity inside cells increased quadratically with the average power of radiation for pulsed excitation and was unchanged for continuous wave irradiation with the same average power. Single fibroblasts embedded within dermal equivalents were also targeted in this manner and formed ROS, whereas neighboring unirradiated cells were spared. These results demonstrate that ROS can be generated intracellularly in skin cells using 2PE of the metabolic or oxidative products of CM-H 2 DCFDA and that formation of ROS can be localized in both cell monolayers and in a tissue equivalent. This technique should be useful in understanding the response of whole tissues such as skin to local generation of ROS and may have applications in photodynamic therapy.
INTRODUCTION
Reactive oxygen species (ROS) are important mediators of cellular toxicity resulting from oxidative stress. When excited by light, certain chromophores generate ROS that are able to damage cells (1) . This phenomenon underlies diseases such as the cutaneous porphyrias and some phototoxic drug reactions in which the skin accumulates chromophores that absorb solar radiation and subsequently generate products that either are cytotoxic or elicit an immune response (2) . On the other hand, photodynamic agents such as porphyrins have also been exploited to treat a wide variety of medical and dermatologic conditions, including malignant tumors and inflammatory dermatoses such as psoriasis (1, 3) . Although photodynamic therapy is primarily toxic to pathogenic cells (3) , collateral damage may also occur in normal cells that have incorporated the photodynamic agent and reside in the incident light path. Other limitations are light scattering and absorption by tissue that make deep targets such as dermal tumors less accessible to the visible and ultraviolet wavelengths commonly used in photodynamic and photochemotherapy (4) .
For a variety of purposes, one would like to photodynamically induce damage only in specific cellular targets while sparing other adjacent cells. However, our ability to dissect and understand the biological response to photodynamic damage in whole tissues, much less control it, is currently limited. Conventional experimental approaches must either damage multiple cell types of the many layers of the skin or study damage in relatively homogeneous cultured cells dissociated from their normal tissue milieu and architecture. These methods are particularly disadvantageous in the study of cutaneous biology because the skin is highly ordered both spatially and functionally, with a stratified squamous epithelium or epidermis composed of keratinocytes overlying a connective tissue dermis containing fibroblasts. Localizing photodynamic damage to specific cells or groups of cells in different cell layers of a tissue would therefore be useful to study cell-cell interactions in intact skin and would improve the specificity and therapeutic index of photodynamic therapy.
Two-photon excitation (2PE) has been investigated as a means to excite chromophores and initiate photochemistry with threedimensional specificity (5) (6) (7) (8) (9) (10) (11) . 2PE occurs when a molecule simultaneously absorbs two photons whose energies are individually insufficient to cause an electronic transition but whose combined energies correspond to the energy gap between two molecular states (12) . Because the selection rules for one-and two-photon transitions differ, it is possible that 2PE can occur at energies where no corresponding one-photon absorption exists (13) . Although 2PE probabilities of molecules are very small relative to one-photon absorption probabilities, they are proportional to the square of the intensity of incident light and can become significant with the high fluences achievable with pulsed lasers. Most importantly, this quadratic dependence on light intensity permits a focused laser beam to excite molecules in a spatially restricted manner. 2PE has found applications in three-dimensional microscopic imaging as well as in perturbing biological systems (8, 9, (14) (15) (16) (17) (18) (19) (20) . 2PE has been used to generate ROS by organic photosensitizers (10), modify biologically relevant molecules (8, (16) (17) (18) and induce volume-specific photochemistry, including uncaging reactions within single cells (14) and in neuronal tissue (15) . We have previously demonstrated that near-infrared 2PE causes psoralens to form adducts with DNA in both fibroblasts and in a threedimensional tissue phantom (9) . 2PE has also been inferred from biological effects after irradiation with near-infrared femtosecond pulses of isolated cells (19) as well as cells treated with protoporphyrin or aminolevulinic acid (21) . Even pulsed 1047 nm laser treatment of melanomas in rats has been reported, though the effects were not clearly related to a multiphoton absorption event because 1047 nm continuous wave irradiation was similarly effective (20) . To our knowledge, however, there has not yet been rigorous proof of 2PE of a photodynamic agent to target photodynamic damage in tissues with three-dimensional specificity.
ROS are commonly detected using the fluorogenic probe, 29,79-dichlorodihydrofluorescein (H 2 DCF) or its derivatives (22) (23) (24) . This nonfluorescent molecule is oxidized by ROS to form the fluorophore 29,79-dichlorofluorescein (DCF). DCF has also recently been shown to be a photosensitizer of ROS formation when irradiated with near-ultraviolet radiation (23) . In this work we exploit these properties and demonstrate that cells treated with a derivative of H 2 DCF and irradiated with 150 fs 800 nm pulsed titanium-sapphire laser form DCF, indicative of ROS formation due to 2PE. We then use this methodology to target ROS formation to individual cells within both cell monolayers and three-dimensional biomimetic tissues of fibroblasts embedded in a collagen matrix while sparing neighboring cells.
MATERIALS AND METHODS
Cells. Normal human dermal fibroblasts were obtained from foreskin of healthy neonates. Fibroblasts (used within five passages) as well as transformed fibroblast-derived HT1080 and XP12RO-SV40 cells were cultured as monolayers in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum as previously described (25, 26) . Normal fibroblasts were incorporated into collagen lattices to form dermal equivalents as previously described (25) . Before experimental treatment and microscopic observation, cells were plated on or dermal equivalents were transferred to chambered #1 borosilicate slides (Nalge Nunc International, Naperville, IL) and then washed and incubated with serum-free DMEM lacking phenol red.
Absorption and fluorescence spectroscopy. Absorption spectra were obtained on a Beckman DU-530 spectrophotometer (Fullerton, CA). Intracellular fluorescence spectra were obtained using an LSM 510 META laser-scanning microscope (Carl Zeiss, Jena, Germany).
Generation and observation of ROS. 5-(and 6-)Chloromethyl-29,79-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA, Molecular Probes, Inc., Eugene, OR) is a nonfluorescent probe of ROS that diffuses into cells where thiols may react with the chloromethyl groups and esterases hydrolyze the acetate groups, theoretically enhancing intracellular retention (27) . On oxidation by ROS, the probe becomes a derivative of the fluorophore DCF. Therefore, ROS generation is detected by measuring fluorescence from this derivative of DCF, which because of its similarity to DCF is called DCF throughout this article. CM-H 2 DCFDA was prepared as a stock solution in ethanol or dimethyl sulfoxide. Monolayers or dermal equivalents were incubated in DMEM with 10 lM CM-H 2 DCFDA at 378C in the dark for 30 min. After incubation with CM-H 2 DCFDA, dermal equivalents were immobilized against the bottom of the slide either by placing a coverslip on top of them or by removing a portion of the surrounding media. A LSM 510 META microscope capable of multiphoton excitation using a mode-locked (80 MHz, 150 fs FWHM, 6 nm bandwidth) titanium-sapphire laser (Coherent, Inc., Santa Clara, CA) tuned to 800 nm was used to both photoexicite and image samples. The laser was focused with a 203 objective (NA, 0.75) to give an average power at the sample of 5-20 mW, which yielded good contrast and did not result in detectable morphological changes in irradiated cells indicative of injury during the time of the experiment (30-60 min). The excitation power at each wavelength was measured with a LaserCheck power meter (Coherent, Inc., Auburn, CA) before and after each experiment. Under these conditions, a typical average power of 15 mW used for 2PE corresponded to a peak power density of 3 3 10 11 W/cm 2 (28) . Several approaches for estimating 2PE volumes within a focused laser beam have been described (8, 29, 30) . Based on one approach, at least 50% of the 2PE effect by 800 nm pulsed radiation would be expected to exist within a 0.4 lm diameter at the focal point and 1.5 lm above and below the focal plane (30) , assuming that the absorbing species is homogeneously distributed in three dimensions. Before 2PE, a transmission image of the cells in the visual field was collected using the 633 nm line (5 lW) of a helium-neon laser. Subcellular regions of cells, single cells and groups of cells within the visual field were specified as targets using a function of the microscope software that allows the user to specify an arbitrary area or region of interest (ROI) within the visual field to be scanned. ROI typically comprised 5000 to 15 000 pixels and were scanned 10-30 times with the 800 nm pulsed output of the titaniumsapphire laser with a dwell time of 25 ls/pixel. Fluorescence from DCF was detected by scanning the visual field once with a 1.97 ls/pixel dwell time with either the 488 nm output of the argon ion laser (50 lW) or the pulsed 800 nm titanium-sapphire laser (5 mW) and by placing a 500-550 nm bandpass filter before the detector. Images were analyzed using LSM 510 META software.
RESULTS
CM-H 2 DCFDA is a fluorogenic probe of ROS that diffuses into cells. On oxidation by ROS, the probe becomes a derivative of the fluorophore DCF, and fluorescence at 527 nm indicates the generation of ROS. As shown in Fig. 1 , CM-H 2 DCFDA in pH 7.4 phosphate-buffered saline has little absorption in the visible and near-ultraviolet regions. Spontaneous hydrolysis of the acetate groups at pH 7.4 and oxidation in the presence of 100 lM H 2 O 2 resulted in the appearance of absorption and emission bands at 510 Figure 1 . Spectra of CM-H 2 DCFDA and its oxidation products. Absorption spectra of CM-H 2 DCFDA (10 lM) in PBS, pH 7.4 (--), and 2 h after addition of 100 lM H 2 O 2 to generate CM-DCF (--). HT1080 cells were incubated with 10 lM CM-H 2 DCFDA at 378C for 30 min followed by treatment with 100 lM H 2 O 2 for 10 min to generate the DCF moiety intracellularly. The peak of the resulting uncorrected singlecell fluorescence spectrum (-Á-Á-Á-) is normalized to the absorption maximum. The arrow indicates the output wavelength of the titaniumsapphire laser.
and 527 nm, respectively, characteristic of DCF (23, 27) . When HT1080 cells were incubated with 10 lM CM-H 2 DCFDA and then treated with 100 lM H 2 O 2 , excitation at 488 nm resulted in bright green fluorescence centered at 527 nm, again characteristic of DCF (23, 27) .
To generate ROS photochemically within cells, normal human dermal fibroblasts were incubated in the dark with CM-H 2 DCFDA and subsequently subjected to a pulsed 800 nm laser (Fig. 2) . Irradiated cells displayed strong fluorescence from DCF, indicative of ROS formation. Notably, in a confluent monolayer, fluorescence from target cells was significantly greater than that from adjacent neighbors, indicating that both targeting individual cells with the laser is possible and that the fluorophore does not readily migrate between cells after irradiation. The low levels of fluorescence that occur in unirradiated cells over time likely result from endogenous basal metabolic generation of ROS. In separate control experiments in which cells were first irradiated at 800 nm and then immediately incubated with CM-H 2 DCFDA and observed within 2 min, there was no more fluorescence observed in irradiated cells than in unirradiated cells (data not shown). Although this is not proof, this result is consistent with the notion that the ROS observed in Fig. 2 do not result from an endogenous chromophore.
To confirm that the ROS signal was generated by 2PE, HT1080 or XP12RO-SV40 cells were incubated with CM-H 2 DCFDA and then irradiated with different intensities of the pulsed 800 nm laser. These cells were chosen for this experiment because they possessed more uniform shapes and dimensions than conventional fibroblasts and proved easier to irradiate with a circular ROI of approximately the same size as the target cell. Pairs of similarly sized cells were chosen to facilitate comparison of fluorescence intensities after irradiation. As shown in Fig. 3a , irradiation of cells of comparable size with 15 mW of pulsed 800 nm laser yielded disproportionately brighter cells than did excitation with 7.5 mW. Multiple pairs of cells were irradiated. One cell of each pair received 1.33-or 2-fold the laser excitation power of the other cell, and the resulting fluorescence from DCF was quantified. Figure 3b demonstrates that increasing the excitation power 1.33-fold resulted in a 2-fold enhancement in fluorescence intensity, whereas increasing the excitation power 2-fold resulted in a 4.3-fold enhancement. These results compare favorably with the predicted values of 1.8 and 4.0 for 2PE, indicating that the fluorescence intensity is quadratically dependent on the incident laser excitation power (Fig. 3b) .
To further show that ROS generation is due to two-and not onephoton absorption of light, XP12RO-SV40 cells were irradiated with the 800 nm output of the titanium-sapphire laser either in continuous wave mode or pulsed at 80 MHz (Fig. 4) . The average power was the same with both types of excitation. Circular ROI of identical diameter were chosen in either nuclear or cytoplasmic regions, and these defined the areas scanned by the laser (Fig. 4a) . Cells irradiated with the pulsed output of the titanium-sapphire laser fluoresced brightly, whereas those irradiated with the laser in continuous wave mode did not have any more signal than nonirradiated cells (Fig. 4b) , again indicating that 2PE is required to generate ROS. Excitation limited to the cytoplasm generated ROS throughout the entire cell, including the nucleus, and vice versa, demonstrating that focally generated ROS likely rapidly diffuse throughout the cell.
Fibroblasts embedded in a collagen lattice (dermal equivalent) were used to test the ability of 2PE to target ROS formation to specific cells within a three-dimensional tissue-like environment (Fig. 5) . Dermal equivalents were typically 1-3 mm thick and appeared slightly opaque, though translucent. The transmission of 800 nm light through a 1 mm thick dermal equivalent was about 70%. The incident titanium-sapphire laser beam was introduced though the borosilicate glass bottom of the culture chamber before entering the bottom of the dermal equivalent and focusing at a plane inside the dermal equivalent. Figure 5a shows a plane 25 lm within the dermal equivalent after incubation with CM-H 2 DCFDA but before irradiation with the pulsed 800 nm titanium-sapphire laser. After 2PE, only the two cells in the center of the 25 lm plane that were exposed to 2PE exhibited increased fluorescence, indicative of ROS generation, whereas surrounding cells in and out of the focal plane remained unchanged (Fig. 5b,d ). Irradiation of two additional cells in the 25 lm plane resulted in fluorescence in those cells as well, while continuing to spare neighboring cells in the dermal equivalent (Fig. 5c,e) . Notably, some cells seen above and below the target cells in Fig. 5d ,e were in the incident laser beam but lay in nonfocal planes and thus did not exhibit fluorescence above background.
DISCUSSION
Multiphoton excitation is now commonly used to image threedimensional biological materials (21, 31, 32) , and recently work has focused on using this technique to affect chemical changes (8) (9) (10) (11) (14) (15) (16) (17) (18) (19) 21, 30) . However, little work has extended multiphoton excitation to create chemical changes in tissues with threedimensional precision (14, 15) . We have previously demonstrated that 2PE is capable of inducing photochemical DNA adduct formation with spatial specificity (9) . The focus of this study was to extend 2PE to target ROS formation to individual cells within an intact biomimetic tissue similar to human dermis.
H 2 DCF and its derivatives are commonly used to probe for the presence of ROS. When oxidized to DCF by ROS, the probe Figure 2 . Intracellular generation of ROS by pulsed 800 nm irradiation. Normal human dermal fibroblasts grown as a monolayer on borosilicate slides were incubated with 4 lM CM-H 2 DCFDA. The field was observed with 488 nm excitation (a) before 2PE, (b) after 2PE to a single cell in the upper half of the field for 3 min, and (c) after 2PE to a single cell in the lower half of the field for 6 min. 2PE was performed by irradiating an oval region of interest approximately corresponding to the interior of the cell body with 12 mW of pulsed 800 nm light with a pixel dwell time of 25 ls.
becomes a fluorophore (27) . Previous work by others suggests but has not shown that 2PE of DCF and subsequent induction of ROS is possible. First, Chignell and coworkers have demonstrated that DCF is not only a reporter of ROS but also undergoes complex photochemistry, acting as a photosensitizer of both H 2 DCF oxidation and ROS formation on absorption of light (22, 24) . Second, the parent molecule of DCF, fluorescein, has been shown to have significant 2PE cross-sections between 690-1050 nm (13, 28) . That fluorescein undergoes 2PE at 800 nm but does not have significant one-photon absorption at 400 nm likely reflects the differing selection rules governing one-photon excitation (1PE) and 2PE. Third, the emission spectrum of fluorescein is the same after 1PE and 2PE (13, 28) , indicating that fluorescein evolves to the same excited state and thus undergoes similar excited-state dynamics after either type of excitation. We exploited these properties and used CM-H 2 DCFDA and its oxidative metabolites related to DCF to act as both mediators and reporters of 2PE-directed ROS formation in fibroblasts and fibroblast-derived cells.
In near-confluent cell monolayers incubated with CM-H 2 DCFDA, pulsed 800 nm irradiation of single fibroblasts resulted in a rise in intracellular fluorescence from DCF, indicating that ROS formation can be targeted to individual cells (Fig. 2) . Such increased cellular fluorescence after 2PE was observed in several different cell lines, including both primary and transformed cells, indicating that the mechanism involved is not specific to a particular type of cell. There are two pieces of evidence that ROS formation in target cells results from a multiphoton excitation event and not a one-photon absorption process. First, irradiation of cells with the 800 nm output of the titanium-sapphire laser in continuous wave mode does not produce an increase in ROS, whereas irradiation with the pulsed output of the laser using the same average power but many orders of magnitude larger peak power yields a rapid induction of ROS formation (Fig. 4) . Thus, the efficiency of ROS formation with multiphoton excitation is significantly greater than with one-photon absorption at 800 nm. Second, a quadratic relationship exists between the cellular fluorescence intensity and the excitation power (Fig. 3) , the hallmark of 2PE. These results unequivocally demonstrate that the observed ROS are generated as a result of 2PE and not simply 1PE at 800 nm of a weakly absorbing photosensitizer.
Our results are consistent with a model in which endogenous ROS from basal cellular metabolism generates a small amount of DCF from CM-H 2 DCFDA, which then functions as a photodynamic agent to generate additional ROS after 2PE (23) . ROS formation has been detected by adding H 2 DCFDA immediately after broadband ultraviolet irradiation of normal human epidermal keratinocytes and observing fluorescence from DCF, suggesting the presence of endogenous photodynamic chromophores that absorb ultraviolet wavelengths (33) . In contrast, incubation of cells with CM-H 2 DCFDA before pulsed 800 nm irradiation resulted in significant increases in fluorescence, whereas addition of CM-H 2 DCFDA immediately after 800 nm irradiation did not. Considering that shortlived singlet oxygen does not appear to react with H 2 DCF (23), it seems reasonable to infer that the fluorescence observed in the presence of CM-H 2 DCFDA is due to longer-lived ROS. The presence of an endogenous photosensitizer in dermal fibroblasts with a significant near-infrared 2PE cross-section is therefore unlikely, though our experiments cannot exclude that possibility.
There have been reports inferring ROS formation due to 2PE of cells both with and without exogenous photodynamic agents. Chinese hamster ovary cells treated with photofrin or aminolevulinic acid and irradiated with 780 nm pulsed laser showed decreased cloning efficiency (21) . Although the absorption of photofrin is seemingly negligible at 780 nm (34) , the possibility of one-photon absorption by photofrin or an endogenous chromophore giving rise to the observed effects was not considered by the authors. Pulsed 800 nm laser irradiation of rat kangaroo kidney epithelium cells, incubated with the probes of ROS formation, Nidiaminobenzidine and Jenchrom px blue, produced ROS and led to apoptosis (19) , suggesting that endogenous photodynamic chromophores are capable of multiphoton excitation. However, it is unclear in this work if the probes or their light absorbing reaction products themselves could have acted as the predominant mediators of ROS induction through either a one-or two-photon absorption event. In our experiments, if endogenous chromophores were significantly contributing to long-lived ROS induction, then adding CM-H 2 DCFDA immediately after irradiation should have yielded increased fluorescence above that in unirradiated cells, which did not occur.
The generation of ROS by 2PE in two-dimensional cell culture was extended to three-dimensional dermal equivalents. These reconstituted tissue simulants have been shown to have properties that are histologically and physically similar to actual dermis (35) . Individual cells within the dermal equivalent were targeted with 2PE and subsequently developed DCF fluorescence, indicative of ROS formation, whereas nearby cells within the cone of excitation light but not at the focus did not show detectable ROS formation over that in unirradiated cells (Fig. 5d,e) . This capability is possible because of the quadratic dependence of ROS formation on laser intensity demonstrated in Fig. 3 . This result illustrates the spatial selectivity of ROS formation in a three-dimensional biological tissue that is possible with this technique. As stated earlier, the excitation volume within which 50% of the 2PE effect is expected to occur is 0.4 lm wide and 1.5 lm above and below the focal plane, which is sufficient to target fibroblasts dispersed in dermis and even keratinocytes in epidermis. Although modest when compared with the overall dimensions of human skin, which is typically several millimeters thick, the 25 lm depth at which ROS were targeted in cells makes targeting specific keratinocytes within a typical 50 lm murine epidermis achievable and approaches the ;100-200 lm thickness of human foreskin epidermis.
Targeting ROS formation to selected cells within a tissue would be useful for dissecting the damage response of highly ordered structures such as stratified epithelia where the response may vary with cellular position. In this work we demonstrate a general method for generating ROS deep inside a biomimetic tissue while sparing other cells, allowing one to ask questions about the heterogeneous organization of tissues, cell fate and communication among skin cells after genotoxic stress with a precision that is not readily available with current techniques. To our knowledge, this is the first rigorous proof of 2PE of a photodynamic agent with subsequent use of that agent to induce ROS in a biological tissue with three-dimensional specificity. 
